Abstract In this paper spermatogenesis and sperm ultrastructure of the cockle Anadara granosa are studied using transmission electron microscopy. The spermatocyte presents electron-dense vesicles and the arising axoneme that begins to form the flagellum. During spermatid differentiation, proacrosomal vesicles appear to migrate towards the presumptive anterior pole of the nucleus; eventually these vesicles become acrosome. The spermatozoon of Anadara granosa is of the primitive type. The acrosome, situated at the apex of the nucleus, is capshaped and deeply invaginated at the inner side. The spherical nucleus of the spermatozoon contains dense granular chromatin and shows invagination at the posterior poles. The centriole shows the classic nine triplets of microtubules. The middle piece consists of the centriolar complex surrounded by five giant mitochondria. It is shown that the ultrastructure of spermatozoa and spermiogenesis of Anadara granosa reveals a number of features that are common among bivalves.
Introduction
The blood cockle Anadara granosa L. is a bivalve mollusc in the family Arcidae, subfamily Anadarinae. The bivalves in this family are of considerable importance as a source of cheap protein in tropical areas, especially in the Indo-Pacific region (Bardach et al. 1972) . Therefore, the recognition of species in this family for aquaculture has led to investigation of their basic reproductive biology. Gonad development and spawning in bivalves of the family Arcidae have been extensively studied by light microscope (Kan-no 1963; Kim and Koo 1973; ToralBarza and Gomez 1985) . Several aspects of the reproductive biology and the breeding cycle of Anadara granosa in various areas have been examined (Broom 1983; Suwanjarat and Parnrong 1990 ). Yet the ultrastructural gametogenesis and spermatozoa of Anadara granosa have not been described and no detailed description throughout spermatogenesis has been reported at the ultrastructural level.
In the molluscan class Bivalvia the spermatozoon is the primitive type in almost all species studied (Franzen 1983; Hodgson and Bernard 1986; Dorange and Le Pennec 1989; Sousa et al. 1989) . Spermatozoon morphology of bivalves is relatively constant, especially when compared with the diversity of form within other molluscan groups (Maxwell 1983) . Variations in the morphology of bivalve spermatozoa are species specific, and in many cases general patterns can be distinguished among taxonomic groups Hodgson and Bernard 1986) . In addition, the conclusion of Hodgson and Bernard (1988) with respect to 16 species of the Patellidae that each species has a sperm with a unique morphology indicates that spermatozoa can be used as a taxonomic character. According to Franzen (1955) , sperm morphology is related to fertilization biology. Sperm morphology often gives useful indications on phylogenetic problems, as several examples have shown (Baccetti and Afzelius 1976) . Thus, the examination of sperm structure and morphological information are of significance in questions dealing with reproductive biology as well as in phylogeny (Baccetti and Afzelius 1976; Afzelius 1979) .
In this study we describe the ultrastructural morphology of the spermatozoon and illustrate the stages of sperm formation in Anadara granosa using the transmission electron microscope. We hope that the present study will lead to a better understanding of the basic features of the different spermatogenic stages and provide useful information in determining systematic and phylogenetic relationships among the Arcidae and other Bivalvia.
Materials and methods
Live specimens of mature Anadara granosa (30-35 mm long) were collected from the intertidal mudflat at Satun Province, on the western coast of southern Thailand, during April 1997. The specimens were transported to the laboratory at Prince of Songkla University, Hat-Yai Campus. Samples of male gonads were removed and small pieces of the gonads were fixed in 4% paraformaldehyde (phosphate buffer pH 7.3) for 24 h at 4 °C and postfixed for 1 h in 1% osmium tetroxide and stained in 2% uranyl acetate for 45 min. Specimens were dehydrated in serially graded ethanol (three changes each) for 3 min each wash, followed by propylene oxide (two changes) for 15 min each. The tissues were infiltrated in 50:50 parts propylene oxide and Epon 812, and embedded in Epon 812. Ultrathin sections were cut on Reichert-Jung ultracut E and mounted on copper grids, and then stained with uranyl acetate and lead citrate. The sections were observed using a Zeiss EM 9S-2 transmission electron microscope. The process of ultrathin sectioning, staining and the examination of the specimens with transmission electron microscope were carried out at the Zoological Institute, the University of Vienna, Austria. 
Results
Gonad of the normal, mature male Anadara granosa shows various stages of germ cells during spermatogenesis. The ultrastructure of spermatogonia, spermatocytes, spermatids and mature spermatozoa is identified and described as follows.
Spermatogonia
Spermatogonia are located at the peripheral region of the follicle. Primary spermatogonia give rise to secondary spermatogonia that have spherical or oval nuclei. The nucleus of spermatogonia is large and characterized by the presence of small patches of heterochromatin scattered throughout the nucleoplasm. The scanty cytoplasm contains few cytoplasmic organelles. The rough endoplasmic reticulum is poorly developed (Fig. 1, part 1) . At the end of this stage, spermatogonia undergo mitosis and become spermatocytes. 
Spermatocytes
Primary spermatocytes undergo meiosis to produce secondary spermatocytes. The primary spermatocytes (Fig.  1 , parts 2-4) are smaller than spermatogonia. The cellular outline of primary spermatocyte is irregular and the cytoplasmic volume has increased. In the cytoplasm of these cells, numerous glycogen-like particles are observed; several mitochondria and electron-dense vesicles are obvious and a number of vacuoles are found in some spermatocytes (Fig. 1, part 3) . The flagellum begins to form at this stage. It has been found that in some spermatocytes the flagellum is already formed and present in the cytoplasm (Fig. 1, part 5 ).
Spermatids
The early spermatids (Fig. 2 , parts 6, 7) are irregular in shape with a large spherical nucleus and nuclear chromatin begins to condense. The cytoplasm of the spermatid at this stage consists of numerous electron-dense granules which are randomly distributed and the cytoplasm is shifted to the presumptive posterior pole of the nucleus. The condensation of chromatin is uniform and occurs evenly throughout the nucleus. As spermiogenesis comes to an end, the chromatin undergoes progressive condensation where invagination occurs at the posterior pole of the nucleus. During the nucleus transformation (Fig. 2,  parts 8-13, Fig. 3, part 14) , the spherical-shaped mitochondria which are found dispersed in the cytoplasm begin to migrate towards the basal pole of the nucleus. The mitochondria decrease in number but increase their size. These mitochondria are derived from the fusing of spermatocyte mitochondria into a number of large mitochondria with well-developed cristae. The prominent giant mitochondria begin to aggregate at the base of the nucleus of the late spermatid and eventually become closely associated with the developing flagellar axoneme. The proacrosomal vesicles with an electron-dense granule in the central core fuse to form an acrosomal vesicle. This vesicle increases in size and develops into one large acrosome (Fig. 3, part 15 ). The acrosome of Anadara granosa is a vesicle that covers the anterior pole of the spermatid nucleus. The inner side of the acrosome becomes concave and invaginated basally in the late spermatid (Fig. 3, part 15a ). Between the acrosomal vesicle and the nucleus is dense granular material of the subacrosomal substance. At the same time as the acrosome formation is taking place, the shape of the entire sperm is changing and the differentiation of the sperm tail is occurring.
Spermatozoa
The fully mature spermatozoon of Anadara granosa consists of three distinct regions: a head, midpiece and flagellum (Fig. 3, part 16 ) The head region of the spermatozoon is composed of nucleus and acrosome at the most anterior. The nucleus is roughly spherical and approximately 2.3-2.4 µm long and 2.5 µm wide. The nuclear contents are highly electron dense and granular in texture (Fig. 3, part 16 ). The anterior of the nucleus, which is close to the acrosome, is flattened, whereas the posterior of the nucleus is invaginated (Fig. 3, part 17) . The acrosome of Anadara granosa is membrane bounded, cap-shaped and measures 0.9 µm in length and 1.2 µm in maximum diameter at the base. The acrosomal vesicle is invaginated basally and the invagination is almost as deep as the height of the acrosome (Fig. 3, part  15c ). This invagination is occupied by granular substance of subacrosomal material (Fig. 3, parts 15b,c) . Posterior to the nucleus is the midpiece. This region consists of five giant, spherical mitochondria (diameter 0.9 µm) arranged in a ring with two centrioles at the center. There are some electron-dense granules interspersed between the mitochondria (Fig. 3, part 20) . The cristae of each mitochondrion are well developed and randomly arranged (Fig. 3, parts 17, 20) . The centrioles and flagellar apparatus are seen at the posterior end of the nucleus, with the proximal centriole close to the nucleus, while the distal centriole gives rise to the sperm flagellum. There is moderately dense material between the proximal centriole and the invaginated pole of the nucleus (Fig. 3, part 17) . The centrioles show the classic nine triplets of microtubules (Fig. 3, part 18 ) and also the microtubular arrangement of the flagellum is the regular axonemal pattern of a central pair of microtubules surrounded by nine doublets enclosed by plasma membrane (Fig. 3, parts 19, 20) .
Discussion
The spermatozoon of Anadara granosa is characteristic of those belonging to the primitive type. Primitive sperm are produced by species that spawn their gametes into the water, where fertilization occurs. Most bivalves including Anadara granosa belong to this category. The nuclei of mature spermatozoa contain dense granular chromatin and are usually invaginated at the anterior pole to varying degrees (Morse and Zardus 1997; Suwanjarat 1998) . In this study, the nucleus of mature sperm of Anadara granosa is spherical without anterior invagination; instead, it is sharp-cut and plane at the most anterior. Close to the anterior pole of the nucleus is the acrosome. Acrosome morphology varies in diagnostically important ways in the Bivalvia (Morse and Zardus 1997) . It is suggested that the variability in acrosomal morphology may be correlated with the type of fertilization and the thickness of the oocyte vitelline envelope (Junqueira and Carneiro 1980) . The structure of the mature acrosome of Anadara granosa, generally, differs slightly in size and shape from those found in many bivalve groups (Popham 1979; Franzen 1983; Hodgson and Burk 1988) . Between the acrosome and nucleus is the dense material of subacrosomal substance which is found spread into the deep invagination of the acrosome of this species. In several species, the subacrosomal substance is organized into a more or less completely preformed acrosomal filament or axial rod (Baccetti and Afzelius 1976; Popham 1979) . In Saccostrea commercialis, the subacrosomal material comprised an axial rod embedded in a coarsely granular matrix (Healy and Lester 1991) . In other species, the subacrosomal substance polymerizes at the time of the acrosome reaction (Baccetti and Afzelius 1976) . In this study the subacrosomal substance is dense granular material and no axial rods are found, which is similar to the acrosome of Pecten maximus (Dorange and Le Pennec 1989) and Amusium pleuronectes (Suwanjarat 1998) . In the mature sperm of the primitive type, the middle piece contains a number of large mitochondria which are probably formed by the fusion of several smaller ones. In bivalves, the number of mitochondria in the midpiece generally ranges from four to six (Healy 1989) . In Anadara granosa five mitochondria are formed around the centrioles similar to the mature sperm of Laternula limicola (Kubo 1977) , while the majority of the bivalves have four (Popham 1979; Griffond 1980; Franzen 1983; Dorange and Le Pennec 1989; Suwanjarat 1998) , and there are nine in Ocenebra erinacea (Feral 1977) . It is obvious that the number of mito-chondria in the middle piece of mature spermatozoon are variable among the bivalves and this seems to be a species-specific characteristic.
In primitive sperm of most molluscs, both centrioles are conserved. At the start of spermiogenesis, they are positioned at right angles to each other, the proximal one being oriented perpendicular to the axoneme and the distal one in line with the axoneme. The distal centriole forms the basal body of the flagellum (Morse and Zardus 1997) . Deviations from this general pattern are sometimes encountered. For example, in mature sperm of the bivalve Lyonosia ventricosa, the proximal centriole moves to the lateral side of the distal one in such a way that the two centrioles are parallel (Kubo and Ishikawa 1978) . In Anadara granosa, the centrioles are positioned at right angles and situated in the posterior of the nucleus. The distal centriole begins to form flagellum in the spermatocyte, which is earlier than in other molluscs. However, a similar appearance has been observed in a number of marine invertebrates with external fertilization, with a flagellum and proacrosomal vesicles common in spermatogonia and spermatocytes (Reunov and Klepal 1997) . It has been reported that variation between species at this point appears in the length of the connective strand and thus in the distance between the centrioles (Steiner 1993) . In molluscs, the typical sperm processes one flagellum. The axoneme within the flagellum normally consists of a central pair of microtubules surrounded by nine doublets. A few deviations from this general pattern have been reported in molluscs. In this study, the flagellum of Anadara granosa was shown to be a typical axonemal complex of nine plus two microtubules.
From this study it is apparent that Anadara granosa shares the common characteristic features of the primitive spermatozoa. The ultrastructure of sperm and spermiogenesis of Anadara granosa does not differ significantly from the common organization in other bivalves. However, the spermatozoa of most bivalves including this species exhibit their own ultrastructural characteristics. The diversity of Anadara granosa can be seen in the particular arrangement of organelles in the cytoplasm of the early stage of the germ cell, and also in the sperm shape, including the acrosome morphology. Further studies on spermatozoon morphology of other species within the genus may provide a useful systematic tool to help define the species and species groups. The resemblance or distinctive characteristics of some structures or organelles in the developing germ cells can be grouped and described at family level.
